The urban heat island effect (UHI) for inner land regions was investigated using satellite data, ground observations, and simulations with an Single-Layer Urban Canopy Parameterization (SLUCP) coupled into the regional Weather Research Forecasting model (WRF, http://wrf-model.org/ index.php). Specifically, using the satellite-observed surface skin temperatures (T skin ), the intensity of the UHI was first compared for two inland cities (Xi'an City, China, and Oklahoma City (OKC)), which have different city populations and building densities. The larger population density and larger building density in Xi'an lead to a stronger skin-level UHI by 2 • C. However, the ground observed 2 m surface air temperature (T air ) observations showed an urban cooling island effect (UCI) over the downtown region in OKC during the daytime of 19 July 2003, from a DOE field campaign (Joint Urban 2003). To understand this contrast between satellite-based T skin and ground-based T air , a sensitivity study using WRF/SLUCP was analyzed. The model reproduced a UCI in OKC. Furthermore, WRF/Noah/SLUCM simulations were also compared with the Joint Urban 2003 ground observations, including wind speeds, wind directions, and energy fluxes. Although the WRF/SLUCM model failed to simulate these variables accurately, it reproduced the diurnal variations of surface temperatures, wind speeds, wind directions, and energy fluxes reasonably well.
Introduction
Earth, as a physical system, is balanced by incoming energy and outgoing energy. For an equilibrium climate, the mean global absorbed solar shortwave radiation is balanced by the outgoing long-wave radiation. In general, in the Earth system, 19% of the incoming solar radiation is absorbed in the atmosphere, 30% is lost to space, and 51% is absorbed at the surface. This last component of the incoming radiation, along with the outgoing sensible and latent heat fluxes, is the main contributor to the surface skin temperature [1, 2] .
Surface temperature normally presents heat at a particular location on the Earth surface. From the satellite view, the "surface" is defined as whatever ground-level information that is transmitted through the atmosphere. Consequently, surface temperatures retrieved from satellite observations are called "surface skin temperature (T skin )" [3] . T skin represents the ground temperature when the underlying surface below the satellite is bare soil, or represents the canopy top temperature when the underlying surface is forest. For an urban area, T skin is the mixed signal of building tops, building walls, streets, resolution of weather sites. Finally, model simulations are based on a current understanding of the phenomena of interest, which is normally not adequate, so model simulations have numerous uncertainties and thus may not be able to capture the influences of city structures accurately due to the heterogeneity of urban areas.
The physical mechanisms of the UHI has been a research topic for decades [5] [6] [7] . For example, the heat capacity of materials used in urban construction is much greater than that of the original vegetation in the forests and other natural features. As a result, urban structures that absorb a large amount of thermal energy during daytime and slowly emit the stored heat during late afternoon and nighttime. Furthermore, evapotranspiration, a process that converts liquid-water to water vapor as a natural cooling mechanism, is limited on urban impervious surfaces. In addition, tall buildings in urban regions increase the surface roughness and enhance turbulence of the surface-boundary layer [30] . As a result, buildings lift the air and result in convection. Consequently, buildings often modify the original air flow direction, trap aerosols, increase pollution in the urban system, and degrade air quality [31] . Furthermore, urban construction creates an urban "canopy" geometry, reducing the surface albedo and altering the emissivity in urban regions [10] . Lower albedo increases solar radiation absorption in cities. Besides these effects, walls of the buildings extend the effective urban surface, so that the more buildings there are, the more shortwave radiation is absorbed.
The Urban Cooling Island effect (UCI), which is when the surface temperature over urban regions is lower than that in the surrounding rural regions, has also been discussed [32] . The mechanisms for UCI are presently unclear. It was speculated that the aerosol direct effect reduces surface insolation and thus may lead to a UCI. Nevertheless, Jin and Shepherd [32] assessed the urban aerosol direct effect over Beijing, New York City, Mexico City, and Moscow from remote sensing data combined with a WRF model sensitivity study on the urban skin temperature. Their study found that, while urban aerosols reduce both T skin and T air , the magnitude of the reduction is insufficient to offset the UHI induced by other mechanisms including surface albedo reduction (Jin and Shepherd 2008) . Furthermore, Jin et al. [10] carried out a similar land-atmosphere interaction study for Shanghai-one of the biggest, most densely populated urban cities in China. This study found a similar conclusion for the impacts of aerosol's direct effect on UHI in Shanghai. Nevertheless, the authors proposed another mechanism for a UCI: building shadows reducing surface insolation. In addition, urban buildings can change the wind vector and thus enhance the eddy mechanic turbulence. As a result, heat at the ground was transported to the higher air levels, which consequently reduced surface temperature. In the study presented in this paper, the UCI was occurred from ground observations as well as on WRF simulations during daytime, suggesting that building shadow may be the key reason for UCI. This study aimed to analyze the physical process of the UHI/UCI as well as determine whether the WRF/Single-Layer Urban Canopy Model (SLUCM) simulation can successfully reproduce the UHI/UCI. Two cities, Xi'an City in China (34.0 • -34.6 • N, 108.6 • -109.2 • E) and Oklahoma City (OKC, 35.2 • -35.8 • N, 97.2 • -97.8 • W) in the United States, were chosen to reveal the size and population impacts of urbanization. Both cities are inland at about the same latitude. Thus, the UHI of each city should be related to the geometric properties, with little or no effects from the ocean. However, Xi'an has an urban area of 319 sq. km with a population density of about 20,000/sq. km, while the urban area for OKC is 410.6 sq. km with a population density of about 2000/sq. km. Thus, Xi'an has a smaller urban area but a much larger population density.
From the 2 m T air data and MODIS T skin data, our work reveals that city characterized by dense urban buildings and population density, like Xi'an, has a much more significant UHI. Moreover, UHI signals on T air is clearly different from that on T skin . The UCI was observed in a downtown high building region from OKC field campaign on T air data. However, the SLUCM coupled into WRF Noah Land Surface Model (Noah-LSM) decently captures the influences of urban properties. Nevertheless, the built-in United State Geological Survey (USGS) 24-category land-use data in WRF are outdated in many urban regions and cannot accurately represent the coverage of urban areas. In addition, the default building height for real urban cities is incorrect and certain physical processes need to be added in the urban model.
Joint Urban 2003 Field Campaign
The Joint Urban 2003 (JU2003) field campaign, sponsored by the U.S. Department of Defense, Defense Threat Reduction Agency, and the U.S. Department of Homeland Security, was conducted in Oklahoma City (OKC), Oklahoma from 28 June to 31 July 2003. Over 150 scientists and engineers as well as many foreign institutions participated in this project aiming to investigate the atmospheric dispersion in OKC [33] . Air temperature sensors, radiosondes, radars, lidars, sodars, and sonic anemometers were deployed as a part of this initiative, and the physical processes-including surface energy balance in the urban area, the flows within the tall-building areas and street canyons, the effects of traffic on turbulence, the development of urban boundary layer, and the dispersion of tracers-were studied. Large amounts of high-resolution data was collected, which resulted in hundreds of journal articles, presentations, and reports on this field project.
T Sourced from the JU2003 field project in OKC, the Pacific Northwest National Laboratory (PNNL) HOBO 2 m air temperature data and the Atmospheric Turbulence and Diffusion Division (ATDD) flux site data were used to study the synoptic situation of the UHI in OKC. The PNNL set up 33 temperature sensors in a cross-section through the Central Business District (CBD) of OKC ( Figure 1a ). More specifically, Sensors 1 through 17 were placed on Main Street, in the direction from west to east, while Sensors 18 through 33 were placed on Robinson Avenue, in the direction from south to north. Sensor 9 was thus located at the centermost point of the city. In addition, as each sensor was only one or two blocks away from the next one, high spatial resolution data could be measured. The 2 m air temperature data through the downtown OKC were collected from these HOBO stations [33] . In this paper, the 2 m air temperature from ground observations was first analyzed to demonstrate the building cooling effect on surface air temperature and then, compared to the WRF model simulation to validate the model performance on the urban effect.
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T Sourced from the JU2003 field project in OKC, the Pacific Northwest National Laboratory (PNNL) HOBO 2 m air temperature data and the Atmospheric Turbulence and Diffusion Division (ATDD) flux site data were used to study the synoptic situation of the UHI in OKC. The PNNL set up 33 temperature sensors in a cross-section through the Central Business District (CBD) of OKC ( Figure 1a ). More specifically, Sensors 1 through 17 were placed on Main Street, in the direction from west to east, while Sensors 18 through 33 were placed on Robinson Avenue, in the direction from south to north. Sensor 9 was thus located at the centermost point of the city. In addition, as each sensor was only one or two blocks away from the next one, high spatial resolution data could be measured. The 2 m air temperature data through the downtown OKC were collected from these HOBO stations [33] . In this paper, the 2 m air temperature from ground observations was first analyzed to demonstrate the building cooling effect on surface air temperature and then, compared to the WRF model simulation to validate the model performance on the urban effect. The Atmospheric Turbulence and Diffusion Division (ATDD) deployed three surface flux sites, labeled as A, B, and C in Figure 1b to show their locations. Site A was located in a gravel and dirt parking lot in the west of the CBD of OKC, Site B was located northeast of CBD in a grassy area, and Site C was located on the top of a multiple-level concrete parking garage at the southwest corner of CBD (Hanna 2011, personal communication). Energy flux variables, such as net radiation, incoming shortwave radiation, sensible heat flux, and latent heat flux, were collected. In this research, the data obtained from Site A and Site B were excluded due to the unrealistically large value for the ground heat flux data observed from Site A, during nighttime, and the large latent heat flux value observed from Site B (Hanna et al. 2011). Consequently, the analyses performed in this study were based on the Site C data set, because all the flux measurements had reasonable values. Although the data set contained several variables, the present study mainly focused on net radiation, incoming shortwave radiation, wind speed, and wind direction.
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MODIS land cover data and the MODIS surface skin temperature (Tskin, 8) data were used in this study to identify the UHI in OKC and Xi'an city. The MODIS instrument that collected this data is mounted on NASA's Aqua (EOS pm) and Terra (EOS am) satellites. The MODIS/Terra Land Cover Types Yearly L3 Global 0.05Deg CMG (MOD12C1) apparatus was used in this study to create land cover maps for OKC and Xi'an. This land cover classification method includes multiple classification schemes, such as International Geosphere-Biosphere Programme (IGBP) classification scheme. The IGBP contains three developed land classes, eleven natural vegetation classes, and two additional classification schemes at a 0.05° resolution. The vegetation classes are emphasized, but the vegetation mosaic, snow information, and wetlands are excluded. After creating land cover maps for OKC and Xi'an, the land cover types of urban regions and surrounding rural regions for both cities were The Atmospheric Turbulence and Diffusion Division (ATDD) deployed three surface flux sites, labeled as A, B, and C in Figure 1b to show their locations. Site A was located in a gravel and dirt parking lot in the west of the CBD of OKC, Site B was located northeast of CBD in a grassy area, and Site C was located on the top of a multiple-level concrete parking garage at the southwest corner of CBD (Hanna 2011, personal communication). Energy flux variables, such as net radiation, incoming shortwave radiation, sensible heat flux, and latent heat flux, were collected. In this research, the data obtained from Site A and Site B were excluded due to the unrealistically large value for the ground heat flux data observed from Site A, during nighttime, and the large latent heat flux value observed from Site B (Hanna et al. 2011). Consequently, the analyses performed in this study were based on the Site C data set, because all the flux measurements had reasonable values. Although the data set contained several variables, the present study mainly focused on net radiation, incoming shortwave radiation, wind speed, and wind direction.
Other Data and Methods
Satellite Observation
MODIS land cover data and the MODIS surface skin temperature (T skin , 8) data were used in this study to identify the UHI in OKC and Xi'an city. The MODIS instrument that collected this data is mounted on NASA's Aqua (EOS pm) and Terra (EOS am) satellites. The MODIS/Terra Land Cover Types Yearly L3 Global 0.05Deg CMG (MOD12C1) apparatus was used in this study to create land cover maps for OKC and Xi'an. This land cover classification method includes multiple classification schemes, such as International Geosphere-Biosphere Programme (IGBP) classification scheme. The IGBP contains three developed land classes, eleven natural vegetation classes, and two additional classification schemes at a 0.05 • resolution. The vegetation classes are emphasized, but the vegetation mosaic, snow information, and wetlands are excluded. After creating land cover maps for OKC and Xi'an, the land cover types of urban regions and surrounding rural regions for both cities were compared. The MODIS11C3 Monthly CMG LST, which is the monthly daytime 3 min CMG land-surface temperature data, was used in this research. The values of the land-surface temperature are those observed in the 0.05 • latitude/longitude grids (CMG). This UHI study was conducted from 2001 to 2008 at both daytime and nighttime in OKC and Xi'an.
WRF/Single-Layer Urban Canopy Model (SLUCM) Simulation
The Urban Canopy Model (UCM) is a single layer model (Figure 2a ) coupled to the WRF model, and includes a 2-D street canyon. Figure 2b shows the radiation yielded by the single-layer urban canopy model (SLUCM), whereby SLUCM represents the physical process in the urban environment and provides better forecasts for urban areas. This urban scheme represents a simplified urban geometry, including the modification on wind profile in the urban "canopy" layer, surface albedo, and emissivity. The tall building shadow effect was simulated as shown in Figure 2b . Furthermore, human-induced heat fluxes that are transferred to roads, walls, and roofs are also added in the surface energy budget [34, 35] . compared. The MODIS11C3 Monthly CMG LST, which is the monthly daytime 3 min CMG landsurface temperature data, was used in this research. The values of the land-surface temperature are those observed in the 0.05° latitude/longitude grids (CMG). This UHI study was conducted from 2001 to 2008 at both daytime and nighttime in OKC and Xi'an.
The Urban Canopy Model (UCM) is a single layer model ( Figure 2a ) coupled to the WRF model, and includes a 2-D street canyon. Figure 2b shows the radiation yielded by the single-layer urban canopy model (SLUCM), whereby SLUCM represents the physical process in the urban environment and provides better forecasts for urban areas. This urban scheme represents a simplified urban geometry, including the modification on wind profile in the urban "canopy" layer, surface albedo, and emissivity. The tall building shadow effect was simulated as shown in Figure 2b . Furthermore, human-induced heat fluxes that are transferred to roads, walls, and roofs are also added in the surface energy budget [34, 35] . The state of the atmosphere is atmosphere forcing to feed into Noah/SLUCM. The output from the Noah/SLUCM feeds back to the WRF atmosphere scheme to update the atmospheric conditions, as designed in Kusaka et al. [34] . The surface parameters' canyon dimensions used in the models and some key physical constants used in the models are listed in Table 1 . In this research, 24 h simulations of WRF/Noah began at 12:00 UTC (06:00 LST) on 19 July 2003, with the boundary conditions from NCEP North American Regional Reanalysis (NARR). The horizontal domain created for this simulation was comprised of three nested domains with a grid spacing of 25 km, 5 km, and 1 km (Figure 3 ). Two simulations were performed: a control run without SLUCM and a sensitivity run with SLUCM. The control run is the default Noah surface scheme without an urban scheme specified. The sensitivity run is a Noah model coupled with SLUCM, in which urban physical and thermal-dynamic processes are described. The simulated Tskin over the urban regions in OKC for the sensitivity run was compared with the control run to show the performance of SLUCM. In addition, the simulated surface skin temperatures in the WRF/SLUCM between the urban region and rural region nearby OKC were compared to reveal SLUCM reproduction on urban effects. Furthermore, the Two simulations were performed: a control run without SLUCM and a sensitivity run with SLUCM. The control run is the default Noah surface scheme without an urban scheme specified. The sensitivity run is a Noah model coupled with SLUCM, in which urban physical and thermaldynamic processes are described. The simulated T skin over the urban regions in OKC for the sensitivity run was compared with the control run to show the performance of SLUCM. In addition, the simulated surface skin temperatures in the WRF/SLUCM between the urban region and rural region nearby OKC were compared to reveal SLUCM reproduction on urban effects. Furthermore, the WRF/SLUCM-simulated surface temperature wind speed and direction are validated using field ground observations.
Results
Satellite Observation
Xi'an City and OKC are both inland cities, located around 35 • N, with similar cloud cover during July. Thus, they are expected to receive a similar amount of solar radiation. Nevertheless, MODIS land cover observations suggest that the surrounding land cover types of these two cities are not the same (Figure 4a ,c) [36] . Specifically, there are more croplands (land cover = 12, cropland) and mixed forest (land cover = 5, mixed forest) surrounding Xi'an City, while OKC is mostly surrounded by grassland (land cover = 10, grassland) and croplands (land cover = 12, cropland). As a result, monthly T skin varies with land cover types for both OKC and Xi'an City (Figure 4b,d) . Evidently, T skin over the urban area is much higher than the T skin measured in the surrounding rural area for both cities. In OKC, T skin of the urban area is about 299 K, while the T skin of rural area is around 295-298 K. Similarly, in Xi'an City, the value of T skin for urban and rural area is 308 K and 306 K, respectively.
The temperature difference is calculated based on the following expression:
where T urban and T nonurban indicate the surface skin temperature averaged over all urban/non-urban pixels, respectively, within the areas highlighted in the small boxes in Figure 4 . Both OKC and Xi'an City have a significant UHI indicated by T diff ( Figure 5 ). For OKC, the monthly T diff is always positive with a 0.5-4.4 • F range (Figure 5b ), while for the nighttime, the T diff ranges from 0.6 to 3.0 • F (Figure 5d ). In comparison, for Xi'an City, urban T skin values are also higher than rural T skin most of the year, except January (not shown) when the daytime T diff value ranged from −0.4 to 7.2 • F and the nighttime T diff ranged from 2.5 to 4.2 • F (not shown). More importantly, the UHI is stronger in warmer seasons than in colder periods. In addition, for OKC, the strongest daytime UHI occurred around May and the weakest UHI around December (Figure 5b ). On the other hand, the strongest nighttime UHI was measured in July and the weakest UHI occurred around February (Figure 5d ). Nevertheless, further analysis on clouds and rainfall is needed in order to fully understand such temporal differences. Both daytime and nighttime T diff in Xi'an City are always higher than those in OKC (Figure 6a,b) , especially during daytime of May and August. T diff in May for Xi'an City is about 7.8 • F, while for OKC it is about 3.9 • F. Moreover, T diff for Xi'an City measured in August is about 6.0 • F, while it is only 2.0 • F for OKC (Figure 6a ). In addition, the nighttime differences are smaller than those found for the daytime temperatures (Figure 6b ), which suggests that the UHI in Xi'an City is stronger and much more significant than that in OKC. This may be due to higher and more densely distributed buildings, and a larger population density in Xi'an City. Simply put, UHI is determined by the city characteristics (size, building density, population, etc.) and exhibits clear seasonality and diurnal features. 
Ground Observations
The values of T at the x-direction as well as for y-direction were calculated based on the equation: 
The values of ∆T at the x-direction as well as for y-direction were calculated based on the equation: ∆T = T i − T mean (i = 1, ..., 17 for the x-direction; i = 1, . . . , 16 for the y-direction where T i is the 2 m T air collected from Station No. i (i = 1, . . . , 17 for the x-direction; i = 1-16 for the y-direction), and T mean is the averaged 2 m T air from all 17 or 16 stations in one direction. The temperature difference measured for the Station No. 9 was much lower than that observed at the other stations, especially at noon (Figure 7a ). This feature may be due to the fact that Station No. 9 was located at the centermost point in OKC and surrounded by tall buildings. Consequently, less solar radiation can reach this station. Similarly, along the y-direction, Station 25 also has cooler than other stations. The greatest range of T air among different stations occurred at noon when the incoming solar radiation is the strongest. In contrast, at around midnight, the temperature difference is reduced due to no surface insolation. Furthermore, at noon, the two highest values-0.8 • C and 1.0 • C-were obtained at Stations No. 22 and No. 28 (Figure 7b) , respectively, while the lowest value (−0.7 • C) was recorded at Station No. 25. This evident cooling signal at the downtown regions may suggest an urban cooling effect (UCI), although no rural station data is available for assessment. In conclusion, the 0.5-1.5 • C difference at center downtown stations from other urban stations is critical for revealing that the urban high heterogeneity surfaces results in different UHI/UCI signals in different regions. especially at noon (Figure 7a ). This feature may be due to the fact that Station No. 9 was located at the centermost point in OKC and surrounded by tall buildings. Consequently, less solar radiation can reach this station. Similarly, along the y-direction, Station 25 also has cooler than other stations. The greatest range of Tair among different stations occurred at noon when the incoming solar radiation is the strongest. In contrast, at around midnight, the temperature difference is reduced due to no surface insolation. Furthermore, at noon, the two highest values-0.8 °C and 1.0 °C -were obtained at Stations No. 22 and No. 28 (Figure 7b) , respectively, while the lowest value (−0.7 °C ) was recorded at Station No. 25. This evident cooling signal at the downtown regions may suggest an urban cooling effect (UCI), although no rural station data is available for assessment. In conclusion, the 0.5-1.5 °C difference at center downtown stations from other urban stations is critical for revealing that the urban high heterogeneity surfaces results in different UHI/UCI signals in different regions. (Figure 8 ). However, Tair from Station No. 25 (red curve) was always below those Tair observed at the other two stations. This may be due to the fact that only Station No. 25 is located in the vicinity of the centermost point in the OKC town center (see Figure 9 ). Tall buildings in the downtown center exhibit several important effects that contribute to this feature by blocking sunshine and casting shadows on Station No. 25. In addition, the walls of tall buildings lift air parcels (a dynamic mechanism similar to mountain lift) and increase local circulation. This process enhances eddy turbulence and transports heat from the ground surface to the higher air levels. As a result of all these mechanisms, the air (Figure 8 ). However, T air from Station No. 25 (red curve) was always below those T air observed at the other two stations. This may be due to the fact that only Station No. 25 is located in the vicinity of the centermost point in the OKC town center (see Figure 9 ). Tall buildings in the downtown center exhibit several important effects that contribute to this feature by blocking sunshine and casting shadows on Station No. 25 . In addition, the walls of tall buildings lift air parcels (a dynamic mechanism similar to mountain lift) and increase local circulation. This process enhances eddy turbulence and transports heat from the ground surface to the higher air levels. As a result of all these mechanisms, the air temperature at Station No. 25 is reduced. More importantly, measurements obtained at Stations No. 9 and No. 25 reveal that OKC has a UCI. This new and important feature, which was not observed from the T skin field, may imply the difference between T air and T skin in terms of physical effects and magnitudes (Jin and Dickinson 2010) . Furthermore, satellite-based T skin is under a satellite field view and has a monthly, 1 km resolution, while the T air observation is in situ. The differences in spatial and temporal resolution may be useful to reveal the details of T skin and T air . T skin and T air . The soil temperatures at 32 cm and 64 cm below the surface in OKC collected from ATDD Flux Site C has a clear phase change from Tair, which peaked at 19:00 UTC (1:00 p.m.). Soil temperatures at 32 cm have a clear diurnal cycle, ranging from 27 to 44 °C at 21:00 UTC (3:00 p.m.) to 23:00 UTC (5:00 p.m.) (Figure 10a ). The minimum was at 13:00 UTC (7:00 a.m.). In addition, due to the fact that heat propagated from the surface to the soil layers reduced with the depth, the soil temperature at 64 cm had less pronounced diurnal variations than that at the surface and at 32 cm. Furthermore, there is a The soil temperatures at 32 cm and 64 cm below the surface in OKC collected from ATDD Flux Site C has a clear phase change from Tair, which peaked at 19:00 UTC (1:00 p.m.). Soil temperatures at 32 cm have a clear diurnal cycle, ranging from 27 to 44 °C at 21:00 UTC (3:00 p.m.) to 23:00 UTC (5:00 p.m.) (Figure 10a ). The minimum was at 13:00 UTC (7:00 a.m.). In addition, due to the fact that heat propagated from the surface to the soil layers reduced with the depth, the soil temperature at 64 cm had less pronounced diurnal variations than that at the surface and at 32 cm. Furthermore, there is a The soil temperatures at 32 cm and 64 cm below the surface in OKC collected from ATDD Flux Site C has a clear phase change from T air , which peaked at 19:00 UTC (1:00 p.m.). Soil temperatures at 32 cm have a clear diurnal cycle, ranging from 27 to 44 • C at 21:00 UTC (3:00 p.m.) to 23:00 UTC (5:00 p.m.) (Figure 10a ). The minimum was at 13:00 UTC (7:00 a.m.). In addition, due to the fact that heat propagated from the surface to the soil layers reduced with the depth, the soil temperature at 64 cm had less pronounced diurnal variations than that at the surface and at 32 cm. Furthermore, there is a clear a phase shift at 64 cm with a peak value of 13 • C at 23:00 UTC (5:00 p.m.), compared to the soil temperature at 32 cm with a peak value of 44 • C at 21:00 UTC (4:00 p.m.).
Site C has a clear phase change from Tair, which peaked at 19:00 UTC (1:00 p.m.). Soil temperatures at 32 cm have a clear diurnal cycle, ranging from 27 to 44 °C at 21:00 UTC (3:00 p.m.) to 23:00 UTC (5:00 p.m.) (Figure 10a ). The minimum was at 13:00 UTC (7:00 a.m.) . In OKC, sensible heat flux (SH) shows a clear diurnal cycle, with the peak value of about 170 W/m 2 around 21:00 UTC (3:00 p.m.) and the minimum value appears around 12:00 UTC (6:00 a.m., Figure 10b ). The fact that the peak value of sensible heat flux occurred at 3:00 p.m. instead of at noon may be due to the fact that the sensible heat flux is determined by the difference between Tskin and Tair. When the solar radiation peaks at noon, heat accumulates at the surface skin level and increases In OKC, sensible heat flux (SH) shows a clear diurnal cycle, with the peak value of about 170 W/m 2 around 21:00 UTC (3:00 p.m.) and the minimum value appears around 12:00 UTC (6:00 a.m., Figure 10b ). The fact that the peak value of sensible heat flux occurred at 3:00 p.m. instead of at noon may be due to the fact that the sensible heat flux is determined by the difference between T skin and T air . When the solar radiation peaks at noon, heat accumulates at the surface skin level and increases T skin , to reach its peak value at 1:00-2:00 p.m. Then, the heated surface keeps warming up the air at 2 m level from the ground, causing the T air to increase with a phase lag. As a result, the difference between T skin and T air reached the peak value at 3:00 p.m. (local time) for maximum SH.
Wind speed and wind direction are two important factors influencing the UHI. Usually, the wind speed is reduced through urban areas due to the surface roughness. However, if the wind speed increases due to the canyon lift or turbulence, it reduces the intensity of the UHI because surface heat is transported to the atmosphere. Wind speed was higher during daytime (3 m/s, at 16:00 UTC, Figure 10c ) and was reduced at night to 0.2 m/s. Furthermore, while wind direction varied during daytime, it had a typical 150 • , southerly wind. However, it changed abruptly to 270 • at 15:00 UTC and 09:00 UTC. This suggests that urban surface wind directions can be significantly changed due to various factors, such as regional circulation or surface temperature gradient.
WRF/Single-Layer Urban Canopy Model (SLUCM) Simulation Analysis
The simulations of UHI in OKC are compared to MODIS observations. T skin _ diff and T air _ diff were calculated using the following expressions:
T skin _ diff = T skin _ sensitive run − T skin _ control run T air _ diff = T air _ sensitive run − T air _ control run Both the simulated T skin difference (T skin _ diff , Figure 11a ) and T air difference (T2 diff , Figure 11b ) between the sensitive run and the control run at 18:00 UTC, 19 July 2003, suggest a UCI in OKC for both T skin and T air fields. In addition, the UCI is greater on the T air field (minimum value = −0.6 • C) than on the T skin field (minimum value = −0.4 • C). Nevertheless, the main anomalous spot outside of OKC is Tulsa, a city northeast of OKC with population of 403,505 per 2015 census and much less dense buildings. OKC and Tulsa have opposite signs on T skin _ diff , indicating a UCI in OKC and a UHI in Tulsa. The same sign but different magnitude are for T air_diff , indicating a UCI in both cities.
The 24 h simulation of T skin began at 12:00 UTC, 19 July 2003, and pertains to both the sensitive run and the control run (Figure 12a) . The peak value of T skin for the sensitive run is 324.80 K at 19:00 UTC, and the minimum value is 298.50 K at 12:00 UTC. On the other hand, for the control run, the peak value of 324.95 K is obtained at 19:00 UTC, and the minimum value of 298.50 K is measured at 12:00 UTC. The peak value of both sensitive and control run occur at 19:00 UTC because the incoming solar radiation is the strongest at noon (18:00 UTC) and, as the surface is heated, T skin starts increasing. Thus, T skin reaches the peak value at 19:00 UTC. The negative T skin difference between the sensitive run and the control run (Figure 12b) indicates that, during most of the time from 8 a.m. to 3 p.m., suggests a cooling during this period of time due to urbanization. However, during other time of the day, urban scheme induces a warming up to 4 • C at 3 a.m. The 24 h WRF/SLUCM simulation of T skin for both the urban area and rural area (Figure 13a ) and the T skin difference between urban area and rural area (Figure 13b ) in OKC suggest that, during most of the daytime, the T skin measurements over the urban regions are lower than those observed over the rural regions in OKC, by up to 2 • C. The peak value of T skin (325.80 K) over urban regions in OKC was measured at 19:00 UTC, while the minimum T skin (298.0 K) occurred at 12:00 UTC. However, for the T skin over the rural regions in OKC, the peak of about 327.8 K occurred at 19:00 UTC, and its minimum of about 296.5 K was measured at 11:00 UTC. This simulated result is consistent with the UCI yielded by the ground observations. Nevertheless, at nighttime, the UHI is simulated with a magnitude of up to 4.5 • C. This may suggest that the UCI is a daytime phenomenon and thus is caused by the daytime related physical processes. More importantly, the daily averaged T skin difference is positive and thus there is a net UHI on daily average sense. The 24 h WRF/SLUCM simulation of Tskin for both the urban area and rural area (Figure 13a ) and the Tskin difference between urban area and rural area (Figure 13b ) in OKC suggest that, during most of the daytime, the Tskin measurements over the urban regions are lower than those observed over the rural regions in OKC, by up to 2 °C. The peak value of Tskin (325.80 K) over urban regions in OKC was measured at 19:00 UTC, while the minimum Tskin (298.0 K) occurred at 12:00 UTC. However, for the Tskin over the rural regions in OKC, the peak of about 327.8 K occurred at 19:00 UTC, and its minimum of about 296.5 K was measured at 11:00 UTC. This simulated result is consistent with the UCI yielded by the ground observations. Nevertheless, at nighttime, the UHI is simulated with a magnitude of up to 4.5 °C. This may suggest that the UCI is a daytime phenomenon and thus is caused by the daytime related physical processes. More importantly, the daily averaged Tskin difference is positive and thus there is a net UHI on daily average sense. In order to evaluate WRF/SLUCM simulations, the model performance was assessed against the surface observations from the PNNL HOBO stations and the ATDD flux site by comparing the diurnal variations of surface temperatures (Figure 14) . Among those urban surface temperatures, the T skin (TSK, Figure 14) has the largest diurnal amplitude, while the ground-observed 2 m T air (T 2 , Figure 14) has the smallest range of diurnal variation. During most of the daytime, the model-simulated 2 m T air are higher than the ground-observed 2 m T air . The difference between T skin and T air from Figure 14 demonstrates that it depends strongly on diurnal variations of surface insolation. During the daytime, the T skin is greater than T air because the incoming solar radiation warms up the "skin" of the surface, first. However, during nighttime, the T skin is generally lower than T air , which is consistent with Jin and Dickinson (1997 Although the diurnal range and phase were well simulated, an overestimation on 2 m Tair occurred in the day for both the sensitive and the control runs. By calculating the urban fractions for both land cover maps, WRF-simulated land use for urban regions in OKC is obtained with a value of only 2%, which is much smaller than its actual condition with an urban fraction of 20%. Such a significant difference in urban fraction may directly lead to surface temperature deficiencies in the WRF simulation.
Skin temperature and 2 m air temperature are critical for surface energy budget. They contribute to and are affected by various physical processes in atmosphere-land-surface interactions. The downward solar radiation, in terms of diurnal phase and magnitude, were well simulated by both the WRF control run and the sensitive run. Note that, since the downward solar radiation was only controlled by the atmosphere model in WRF, both the control and sensitive runs had the exactly same numbers for this variable. Only in 17:00 UTC and 21:00 UTC, the cloud simulation is inaccurate, so the simulated downward solar radiation has larger decencies, up to 400 W/m −2 . Observed net radiation is poorly simulated (Figure 15b ) with the peak of 200 W/m −2 and both at 17:00 and 21:00 UTC. The observed Rnet was 500 W/m −2 at 19:00 UTC. There were a 300 W/m −2 decency. This is partly due to the downward solar radiation did not simulated well at 17:00 UTC and 21:00 UTC and partly due to the deficiencies in skin and air temperatures (Figure 14) . Such a big discrepancy, up to 300 W/m −2 , in the Rnet may be polemic. Again, the significantly less fraction of urban area, as discussed in Figure 14 , might be a key reason. Although the diurnal range and phase were well simulated, an overestimation on 2 m T air occurred in the day for both the sensitive and the control runs. By calculating the urban fractions for both land cover maps, WRF-simulated land use for urban regions in OKC is obtained with a value of only 2%, which is much smaller than its actual condition with an urban fraction of 20%. Such a significant difference in urban fraction may directly lead to surface temperature deficiencies in the WRF simulation.
Skin temperature and 2 m air temperature are critical for surface energy budget. They contribute to and are affected by various physical processes in atmosphere-land-surface interactions. The downward solar radiation, in terms of diurnal phase and magnitude, were well simulated by both the WRF control run and the sensitive run. Note that, since the downward solar radiation was only controlled by the atmosphere model in WRF, both the control and sensitive runs had the exactly same numbers for this variable. Only in 17:00 UTC and 21:00 UTC, the cloud simulation is inaccurate, so the simulated downward solar radiation has larger decencies, up to 400 W/m −2 . Observed net radiation is poorly simulated (Figure 15b ) with the peak of 200 W/m −2 and both at 17:00 and 21:00 UTC. The observed R net was 500 W/m −2 at 19:00 UTC. There were a 300 W/m −2 decency. This is partly due to the downward solar radiation did not simulated well at 17:00 UTC and 21:00 UTC and partly due to the deficiencies in skin and air temperatures (Figure 14) . Such a big discrepancy, up to 300 W/m −2 , in the R net may be polemic. Again, the significantly less fraction of urban area, as discussed in Figure 14 , might be a key reason. 
Conclusions
In this study, the urban impact on surface temperature in OKC was examined by using satellite and ground observations, along with coupled WRF/Noah/Single-Layer Urban Canopy Model simulations. Major results of this investigation are discussed below:

An urban area is a highly heterogeneous environment and different cities have different types of surrounding land covers, geometric conditions, and population densities. As a result, the UHI differs between cities such as OKC and Xi'an, although both are inland cities at the same latitude. Satellite retrieval captured the UHI for both cities. Xi'an had the stronger UHI than OKC, which suggests that the population density, building density, and city size are important factors in determining the UHI intensity.  There are competing factors and physical processes in an urban surface-layer that make a UHI or UCI both possible. Specifically, building materials had a high heat capacity, which slowed down the warming at the surface during daytime and warmed the surface at nighttime. Furthermore, the building shadows reduced surface temperatures, as shown in ground observations, where a significant UCI occurred on summer days at noon in OKC. Nevertheless, less soil moisture and less vegetation cover over urban regions lead to a surface warming since all absorbed solar radiation was used to heat up the surface.  Skin temperature and 2 m air temperature fields may have different UHI or UCI signals. The satellite observed skin temperature in OKC, which showed an evident UHI, was monthly 
Conclusions
• An urban area is a highly heterogeneous environment and different cities have different types of surrounding land covers, geometric conditions, and population densities. As a result, the UHI differs between cities such as OKC and Xi'an, although both are inland cities at the same latitude. Satellite retrieval captured the UHI for both cities. Xi'an had the stronger UHI than OKC, which suggests that the population density, building density, and city size are important factors in determining the UHI intensity.
•
There are competing factors and physical processes in an urban surface-layer that make a UHI or UCI both possible. Specifically, building materials had a high heat capacity, which slowed down the warming at the surface during daytime and warmed the surface at nighttime. Furthermore, the building shadows reduced surface temperatures, as shown in ground observations, where a significant UCI occurred on summer days at noon in OKC. Nevertheless, less soil moisture and less vegetation cover over urban regions lead to a surface warming since all absorbed solar radiation was used to heat up the surface.
• Skin temperature and 2 m air temperature fields may have different UHI or UCI signals.
The satellite observed skin temperature in OKC, which showed an evident UHI, was monthly averaged. The ground observation of 2 m air temperature and modeled surface skin and air temperatures, which suggested a UCI, were only during daytime and at hourly resolution.
• The coupled WRF/Noah/SLUCM modeling system can re-produce the signal of the UHI or UCI, although its intensity and duration remain problematic. Nevertheless, a main issue affecting WRF urban simulation is that the default settings in the USGS 24-category land use categories are outdated for many cities. For instance, the simulated urban fraction for OKC is only about 2%, while its actual value is about 20%, based on MODIS.
The coupled WRF/Noah/SLCUM model reproduces the UCI during summer daytime in OKC, which was consistent with the ground observations. However, it failed to accurately capture the influences of cities on prevalent atmospheric motions, such as wind speed, wind direction, and energy flux.
This study has a broad impact because it combined satellite observations, ground observations, and WRF model simulations, to enhance the current understanding of the UHI. In addition, both ground observations and WRF/SLUCM simulations revealed an unusual phenomenon of UCI in OKC during daytime in summer. Finally, an update of the WRF default USGS 24-category land use categories could lead to significant improvements in the quality of WRF/SLUCM simulation output, as the model urban regions for many cities are presently outdated..
